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ABSTRACT
Context. On the one hand, the second data release of the Gaia mission (Gaia DR2) has opened a trove of astrometric and photometric
data for Galactic clusters within a few kpc of the Sun. On the other hand, lucky imaging has been an operational technique to measure
the relative positions of visual binary systems for a decade and a half, a time sufficient to apply its results to the calculation of orbits
of some massive multiple systems within ∼1 kpc of the Sun.
Aims. As part of an ambitious research program to measure distances to Galactic stellar groups (including clusters) containing O stars,
I start with two of the nearest examples: Collinder 419 in Cygnus and NGC 2264 in Monoceros. The main ionizing source for both
clusters is a multiple system with an O-type primary: HD 193 322 and 15 Mon, respectively. For each of those two multiple systems
I aim to derive new astrometric orbits for the Aa,Ab components.
Methods. First, I present a method that uses Gaia DR2 G+GBP+GRP photometry, positions, proper motions, and parallaxes to obtain
the membership and distance of a stellar group and apply it to Collinder 419 and NGC 2264. Second, I present a new code that cal-
culates astrometric orbits by searching the whole seven-parameter orbit space and apply it to HD 193 322 Aa,Ab and 15 Mon Aa,Ab
using as input literature data from the Washington Double Star Catalog (WDS) and the AstraLux measurements recently presented
by Maı´z Apella´niz et al. (2019).
Results. I obtain Gaia DR2 distances of 1006+37−34 pc for Collinder 419 and 719±16 pc for NGC 2264, with the main contribution to the
uncertainties coming from the spatial covariance of the parallaxes. The two NGC 2264 subclusters are at the same distance (within the
uncertainties) and they show a significant relative proper motion. The distances are shown to be robust. HD 193 322 Aa,Ab follows
an eccentric (e = 0.58+0.03−0.04) orbit with a period of 44 ± 1 a and the three stars it contains have a total mass of 76.1+9.9−7.4 M. The orbit of
15 Mon Aa,Ab is even more eccentric (e = 0.770+0.023−0.030), with a period of 108 ± 12 a and a total mass of 45.1+3.6−3.3 M for its two stars.
Key words. astrometry — binaries: visual — methods: data analysis — open clusters and associations: individual: Collinder 419,
NGC 2264 — stars: kinematics and dynamics — stars: individual: HD 193 322, 15 Mon, HD 193 159, HDE 228 911,
2MASS J20175763+4044373
1. Introduction
The second data release (DR2) of the Gaia mission (Prusti
et al. 2016) took place in April 2018 (Brown et al. 2018). Gaia
DR2 includes optical photometry for over 1.3 · 109 sources in
the three bands G, GBP, and GRP and five-parameter astrometry
(positions, parallaxes, and proper motions) for a similar num-
ber of sources. Gaia DR2 constitutes the largest ever collec-
tion of such precise photometry and astrometry. The data is not
only precise but also accurate, as several studies have confirmed
with respect to the astrometry and photometry (e.g. Arenou et al.
2018; Evans et al. 2018; Lindegren et al. 2018a; Luri et al. 2018;
Maı´z Apella´niz & Weiler 2018, note that this list is incomplete
as Gaia DR2 calibration is an ongoing effort). Nevertheless, to
achieve the highest accuracy one needs to read the “fine print” of
the papers above, as there are biases and quality issues lurking in
the data. The Gaia team maintains a “known issues” web page1
that should be consulted before using the data (details are given
in the next section).
Gaia represents a giant leap for astrometry but, of course,
it has limitations. One is its inability to separate close binaries,
as few pairs with separations of ∼1′′ are listed in DR2, and that
1 https://www.cosmos.esa.int/web/gaia/
dr2-known-issues.
is one aspect where complementary ground-based observations
can fill the information gaps. One technique that can accurately
measure the relative positions of visual pairs from ∼50 mas to a
few arcseconds is Lucky Imaging and an instrument that uses
that technique is AstraLux at the 2.2 m Calar Alto telescope
(Hormuth et al. 2008). I have been using AstraLux for over a
decade (Maı´z Apella´niz 2010) and we have recently presented
new results for a number of massive-star pairs (Maı´z Apella´niz
et al. 2019), which will be used here to derive the relative orbit
of two visual binaries.
Collinder 419 is a relatively poorly studied, nearby (for one
containing at least one O star) open cluster in Cygnus whose
most complete study was performed by Roberts et al. (2010).
They derived a distance of 741 ± 36 pc based on a color-
magnitude diagram (CMD) analysis that is compatible with
the Hipparcos distance of 708+255−145 pc for HD 193 322 Aa,Ab
(Maı´z Apella´niz et al. 2008; Sota et al. 2011), the brightest object
at the cluster core2. Collinder 419 is dominated by HD 193 322,
a complex hierarchical system whose composition has been re-
2 Note that Roberts et al. (2010) give a Hipparcos distance of 600 pc
but that is just the inverse of the observed parallax from van Leeuwen
(2007), which is a biased estimator of the distance when the parallax
uncertainty is large. The Hipparcos distance given by Sota et al. (2011)
uses a distance prior for OB stars (Maı´z Apella´niz 2001, 2005).
1
ar
X
iv
:1
90
8.
02
04
0v
1 
 [a
str
o-
ph
.SR
]  
6 A
ug
 20
19
J. Maı´z Apella´niz: Distances to Collinder 419 and NGC 2264 and orbits for HD 193 322 Aa,Ab and 15 Mon Aa,Ab
cently reviewed by Maı´z Apella´niz et al. (2019), where the
reader is referred for details. Here we just mention that it has
an inner binary Ab1,Ab2 with a 312.4 d period (McKibben
et al. 1998; ten Brummelaar et al. 2011) which orbits around a
third object, Aa, which is the brightest component of the sys-
tem (Table 1). At a much larger separation (2.′′7) we find a
fourth component, B. ten Brummelaar et al. (2011) used long-
baseline interferometry to derive an eccentric visual orbit for
HD 193 322 Aa,Ab (Table 1). HD 193 322 Aa,Ab includes at
least two O stars, its integrated spectral type is O9 IV(n), and it
clearly dominates the ionizing flux of Collinder 419, as the only
other early B-type star in the cluster is HD 193 322 B, which
is a B1.5 V(n)p (Sota et al. 2011; ten Brummelaar et al. 2011;
Maı´z Apella´niz et al. 2019).
In contrast, NGC 2264 is a well studied nearby open cluster
in Monoceros that is a frequent target for amateur astronomers,
as it is a bright H ii region that contains the Cone Nebula, a
well known pillar, and a reflection nebula. Dahm (2008) pro-
vides an excellent summary of the literature on the cluster and
gives a preferred (short) distance of ∼760 pc which is consistent
with the value later derived using two water masers of 738+57−50 pc
(Kamezaki et al. 2014). Other authors, however, derive longer
distances: 950 ± 75 pc (Pe´rez et al. 1987), 910 ± 50 pc (Neri
et al. 1993), and 913±40 pc (Baxter et al. 2009). The Hipparcos
distance to 15 Mon Aa,Ab, the brightest object in the cluster,
is 309+60−43 pc (Maı´z Apella´niz et al. 2008), which is highly dis-
crepant with the other distance measurements but it should be
noted that van Leeuwen (2007) assigns a poor goodness-of-fit
value to the Hipparcos measurement. Several authors (Caballero
& Dinis 2008; Turner 2012; Tobin et al. 2015; Gonza´lez &
Alfaro 2017; Venuti et al. 2018) have studied the spatial and
dynamical structure of NGC 2264 and determined it is quite
complex and organized as a double cluster, with the northern,
older half centered on 15 Mon and the southern younger half
centered on the Cone Nebula. Similarly to HD 193 322 and
Collinder 419, 15 Mon dominates the ionizing radiation output
of NGC 2264, as it contains the only O star(s) in the cluster.
15 Mon Aa,Ab is a close visual binary with an integrated spec-
tral type of O7 V((f))z var and 15 Mon B is a B2: Vn located
3′′ away (Maı´z Apella´niz et al. 2018, 2019). The magnitude dif-
ference between Aa and Ab is 1.6 mag, which indicates that
Ab is likely to be a late-O or early-B star, but there is no spa-
tially separated spectroscopy to confirm that. Several authors
(Gies et al. 1993, 1997; Cvetkovic´ et al. 2009, 2010; Tokovinin
2018) have calculated visual orbits that agree on a high eccen-
tricity (0.67 to 0.85) and a periastron passage close to 1996 but
wildly disagree on the period, whose values range from 23.6 a to
190.5 a, and other parameters (Table 1).
In this paper I present new Gaia DR2 distances to
Collinder 419 and NGC 2264 and new literature+AstraLux-
based visual orbits for HD 193 322 Aa,Ab and 15 Mon Aa,Ab.
I pay special attention to the methods used for the calculation of
cluster distances and visual orbits, as they will be used in future
papers for other targets.
2. Methods and data
2.1. Distances to and membership of stellar groups
There are different properties that can be used to determine
the membership and distance of a stellar group (cluster, associa-
tion, or part thereof): positions, CMDs, trigonometric parallaxes,
proper motions, and spectroscopy of individual sources are the
most commonly used, in many cases combining two or more of
them. The specific technique chosen depends primarily on the
data quality and uniformity, sample completeness, and whether
our main interest is determining the initial mass function (IMF),
the structural properties (radius, velocity dispersion), or the dis-
tance. In a more indirect way, the choice of technique also de-
pends on the number of groups we want to study: for just one
group or a few it is possible to do a “manual” (or supervised) in-
depth analysis of each star but if our sample consists of hundreds
of them we will likely attempt a more “automatic” (or unsuper-
vised) technique that does not require such an attention to detail.
Gaia DR2 is an excellent source of information for the task
at hand due to a combination of characteristics (Brown et al.
2018):
– It provides a large sample of high-quality, uniform (a) posi-
tions, (b) parallaxes, (c) proper motions, and (d) three-band
optical photometry in a single catalog derived from a single
mission. Future data releases will also provide spectroscopy,
spectrophotometry, and information on variability (which
exists in DR2 for a limited sample) for a significant frac-
tion of the sample. This minimizes problems derived from
catalog cross-matching.
– The sky coverage is complete and quite uniform.
– The magnitude completeness is very good down to G = 20
and there are few stars missing due to saturation.
– The data are well calibrated and different quality indicators
are provided.
Nevertheless, the devil is in the details and it is important to
understand the calibration process and the corrections needed if
biases are to be avoided. In particular:
– There is a zero point in the parallax3 that several authors
have measured to be in the approximate range 30-50 µas.
The value is dependent (to different degrees) on magnitude,
color, and position, with the zero point for fainter objects
being generally lower (Lindegren et al. 2018a give 29 µas
for quasars) than for brighter ones, for which it is around
50 µas (Khan et al. 2019 and references therein).
– Parallaxes and proper motions are spatially correlated
(Lindegren et al. 2018a) so in order to combine the values
from different objects in a stellar group the covariance has to
be taken into account.
– Some sources have a poor astrometric solution, requiring
them to be eliminated (or at least down weighted) from
the list used to determine the stellar group properties. The
Gaia team recommends the use of the Renormalized Unit
Weight Error (RUWE) to evaluate the astrometric quality of
the Gaia DR2 sources (Lindegren et al. 2018b; Lindegren
2018).
– The astrometric uncertainties listed in Gaia DR2 are the in-
ternal uncertainties (σint). Before using them they have to be
converted into external or corrected uncertainties (σc) using
the Lindegren et al. (2018b) recipe:
σ2c = k
2σ2int + σ
2
s , (1)
where k = 1.08 in all cases and σs is 0.021 mas for G <
13 and 0.043 mas for G ≥ 13 in the case of parallaxes and
0.032 mas/a for G < 13 and 0.066 mas/a for G ≥ 13 in the
case of proper motions.
3 The value given is the one that has to be added to the observed
parallaxes in order to eliminate the bias i.e. the observed parallaxes are
(on average) smaller than the real ones and, if uncorrected, distances
will be (on average) overestimated.
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Table 1. Literature visual orbits for HD 193 322 Aa,Ab and 15 Mon Aa,Ab.
System Reference P T0 e a i Ω ω
(a) (a) (mas) (deg) (deg) (deg)
HD 193 322 Aa,Ab ten Brummelaar et al. (2011) 35.20±1.45 1994.84±1.69 0.489±0.081 54.5±3.7 46.2±1.7 255±15 70.4±7.5
15 Mon Aa,Ab Gies et al. (1993) 25.32±0.18 1922.86±0.23† 0.67±0.05 33.9±1.5 30±10 15.0±2.5 349±5
15 Mon Aa,Ab Gies et al. (1997) 23.64±0.06 1925.98±0.16‡ 0.78±0.02 33.9±0.5 35±20 16.8±1.2 348±3
15 Mon Aa,Ab Cvetkovic´ et al. (2009) 74.00±0.30 1996.07±0.29 0.760±0.017 88.5±2.8 62.4±0.4 42.6±0.4 82.6±1.5
15 Mon Aa,Ab Cvetkovic´ et al. (2010) 74.28±4.06 1996.06±4.16 0.716±0.098 96±15 51.2±3.1 52.6±5.2 69±11
15 Mon Aa,Ab Tokovinin (2018) 190.5 1995.85 0.851 170 38.8 197.4 287
†: last periastron passage in 1998.8.
‡: last periastron passage in 1996.9.
– To properly compare the observed magnitudes and col-
ors one has to use the updated sensitivity curves of
Maı´z Apella´niz & Weiler (2018), noting that GBP has dif-
ferent sensitivities for G (as obtained from the Gaia archive)
larger or smaller than 10.87 mag.
– The G magnitudes obtained from the archive require a cor-
rection and the resulting G′ should be used. The Gaia team
recommends that for stars with G ≤ 6 one uses the correc-
tion from Evans et al. (2018) and for fainter stars the one
from Maı´z Apella´niz & Weiler (2018).
– While the G magnitudes are calculated by PSF fitting in
an imaging detector configuration, the GBP and GRP mag-
nitudes are calculated by aperture photometry in a slitless-
spectroscopy configuration (as previously mentioned, future
Gaia data releases will provide spectrophotometry instead
of photometry in those bands). Therefore, the GBP and GRP
magnitudes can be more easily affected by contamination
from nearby sources in crowded regions and by emission
lines in nebular regions (Fig. 17 in Evans et al. 2018). In
order to flag sources with suspect photometry we define the
distance (in magnitudes) in the GBP−G′ vs. G′−GRP color
plane, dCC, with respect to the stellar locus in Fig. 10 of
Maı´z Apella´niz & Weiler (2018). Objects with large values
of dCC (above and to the left in that figure) are likely con-
taminated. Note that this restriction is nearly equivalent to
Eqn. 1 of Evans et al. (2018).
The most extensive study of the open cluster population in
the Milky Way with Gaia DR2 data to date is that of Cantat-
Gaudin et al. (2018). Those authors used a version of the un-
supervised UPMASK code (Krone-Martins & Moitinho 2014)
that selects groups of stars in the 3-D astrometric space of paral-
laxes+proper motions through k-means clustering to study 1229
clusters. Their list included both Collinder 419 and NGC 2264,
and some of the properties (central right ascension and declina-
tion α+δ, radius that contains 50% of the members r50, probable
number of stars N∗, central proper motions µα∗ + µδ, and paral-
lax $) they measured for them are listed in Table 2, as we will
use them as a reference. The uncertainties listed are the standard
deviations of the mean and do not include the effect of covari-
ance.
In this section I describe a supervised method to derive dis-
tances and membership to stellar groups using Gaia DR2 data.
The idea for the method originated during the calculation of the
distance to M8 for Campillay et al. (2019). The main differences
with the Cantat-Gaudin et al. (2018) method are: [a] as a su-
pervised method, the user can fine-tune the membership selec-
tion parameters; [b] it combines astrometric, photometric, and
data quality information (as opposed to astrometric information
alone); and [c] its main purpose is to derive distances, which
leads to using parallaxes only as a secondary selection parame-
ter in the last step (to minimize biases in the distance measure-
ment). In the next sections I will apply the method to calculate
the distances to Collinder 419 and NGC 2264 and in future pa-
pers it will be used for other stellar groups with massive stars.
The method follows these steps:
– I begin by spectroscopically selecting one or several stars
that are the most massive and luminous in the stellar
group. Those are typically O stars with spectral types
from the Galactic O-Star Spectroscopic Survey (GOSSS,
Maı´z Apella´niz et al. 2011) but they can also be B stars or
late supergiants. Those objects will be considered to be as
representative of the group in terms of coordinates, proper
motions, parallaxes, and extinction and will be used as ini-
tial guesses for the filters described below.
– Based on the GOSSS spectral type for a reference O star in
the group, its extinction parameters from Maı´z Apella´niz &
Barba´ (2018), and an isochrone of the appropriate age (1 Ma
or 3.2 Ma are the usual choices for a group with O stars).
I calculate an extinguished isochrone for a GBP−GRP vs. G′
CMD using the family of extinction laws of Maı´z Apella´niz
et al. (2014). The extinction parameters are used to force the
isochrone to go through the observed position of the refer-
ence star in the CMD by a vertical displacement.
– I download the Gaia DR2 data for a square (in α + δ) field
with a number of objects Nf . I do an initial filtering us-
ing three quality indicators: RUWE, dCC, and σ$c . The up-
per limits on RUWE and dCC (see definitions above) are
used to eliminate stars with bad astrometry and contaminated
photometry, respectively, and are set by default at 1.4 and
0.2 mag, respectively. The upper limit on σ$c is only used
for some groups to filter out background dim objects (which
tend to have large parallax uncertainties).
– Next, I define a group center both in coordinates (α + δ) and
in proper motion (µα∗ + µδ) and their respective radii (r and
rµ) and filter out the objects outside the circles in coordinates
and proper motion. This filtering is similar to the one applied
by other algorithms such as the one used by Cantat-Gaudin
et al. (2018).
– The next filtering is done based on the positions in the
GBP−GRP vs. G′ CMD using the extinguished isochrone pre-
viously described. As extinction can change significantly
across the face of a stellar group (Maı´z Apella´niz & Barba´
2018), the isochrone is moved diagonally (from upper left to
lower right) in the direction defined by the extinction vec-
tor4 to define a band of possible extinctions. Objects outside
that band are rejected. This filtering is useful to eliminate
foreground/background populations with extinctions differ-
ent than that of the stellar group.
4 Actually, extinction follows a curved trajectory in the CMD but the
curvature is a small effect for our interests.
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Table 2. Properties of Collinder 419 and NGC 2264 from Cantat-Gaudin et al. (2018).
Cluster α δ r50 N∗ µα∗ µδ $
(deg) (deg) (arcmin) (mas/a) (mas/a) (mas)
Collinder 419 304.534 40.732 3.48 51 −2.708±0.043 −6.382±0.034 0.952±0.007
NGC 2264 100.217 9.877 4.32 170 −1.690±0.031 −3.727±0.017 1.354±0.007
– At this point I should already have a relatively clean but still
preliminary sample with N∗,0 objects with some possible out-
liers in parallax. To get rid of those, I compute a preliminary
group average parallax, $g,0, as the weighted mean of the
parallaxes in the sample (Eqns. 3 and 4 in Campillay et al.
2019) and I filter out the objects whose parallaxes $ are
more than 3σ$c away from $g,0 (normalized parallax cri-
terion), where we are using the external parallax uncertain-
ties defined above (the value of 3σ$c was chosen from the
typical sample size of ∼100 cluster members to minimize
the sum of false negatives and false positives but note that
the final result is not very sensitive to changing it e.g. in the
range 2.5σ$c -3.5σ$c ). With that final filtering I compute the
weighted mean again to arrive to the group average paral-
lax, $g, using N∗ objects. With the same sample I obtain
the group average proper motions µα∗,g and µδ,g. In all three
cases the covariance term is required to properly estimate the
uncertainties.
– The results are examined using several plots combining coor-
dinates, proper motions, colors, magnitudes, and parallaxes
and the process is iterated until a final result is achieved. To
minimize subjectivity in the final result (something inherent
to a degree in a supervised algorithm), small variations are
introduced in the restrictions to ensure that the value of $g
is robust (i.e. that the resulting changes are smaller than one
sigma).
Once I have the final sample and its $g, I calculate σ$g us-
ing Eqn. 5 in Campillay et al. (2019). In most cases, the second
(covariance) term will dominate the error budget so it is impor-
tant not to omit it. The next step is to correct the group average
parallax for the parallax zero point. Given that it is not constant
(see above), I use an average value of 40 µas and also add 10 µas
to the uncertainty budget:
$g,c = $g + 0.040, σ$g,c
2 = σ$g
2 + 0.0102, (2)
where the values above are given in mas. The final step is to
calculate a distance and an uncertainty to the stellar group us-
ing a Bayesian prior. As the object of study are young stellar
groups, their spatial distribution is different from that of the gen-
eral Gaia disk population at ∼ 1 kpc distances and beyond,
which is dominated by much older red giants. Therefore, I use
the prior described by Maı´z Apella´niz (2001, 2005) with the
updated Galactic (young) disk parameters from Maı´z Apella´niz
et al. (2008).
2.2. Visual orbits calculation
As mentioned in the introduction, the ionizing flux in
Collinder 419 and NGC 2264 is dominated in each case by
an O-type visual multiple system, HD 193 322 Aa,Ab and
15 Mon Aa,Ab, respectively, with orbital periods periods mea-
sured in decades. In this paper I calculate new orbits for them
and in this section I first describe the data and then the method
used to calculate the orbits.
2.2.1. Data
The first group of data is from the Washington Double Star
catalog (WDS, Mason et al. 2001), a compilation of separa-
tions, position angles, and magnitude differences from litera-
ture (including historical) sources and the own authors data. The
second group of data is from our own AstraLux observations
of HD 193 322 and 15 Mon obtained with the 2.2 m telescope
at Calar Alto presented in Maı´z Apella´niz et al. (2019). The
AstraLux data are part of a long running program to observe
massive visual binaries (Maı´z Apella´niz 2010; Maı´z Apella´niz
et al. 2015; Simo´n-Dı´az et al. 2015) and will be used in this pa-
per for the calculation of visual orbits. As the pipeline for the
processing of AstraLux data has changed significantly since it
was described in Maı´z Apella´niz (2010), I provide an update
here.
The first change in the pipeline has been in the calculation of
the geometric distortion. Originally, it was based on observations
of the Trapezium stars compared with positions obtained from
a WFPC2/HST image. In the new version, I use three different
calibration fields: the Trapezium, Cyg OB2-22, and a region in
the globular cluster M13, which are compared using observa-
tions during the same night and subsequent nights (as long as
the instrument is not perturbed, the geometric distortion remains
stable in consecutive nights). Also, I switched to Gaia DR2 ref-
erence coordinates, which include proper motions and can be
adapted to the different observation epochs. With the new ver-
sion I was able to detect and correct systematic effects at the
0.1◦ level in the orientation for the previous calibration. The de-
tector is aligned with a direction close to the north for each run.
Our calibration-field measurements (taken every night) indicate
that a typical deviation from true north is ∼1◦ (which is corrected
by the pipeline) and, as mentioned above, the value remains sta-
ble during a given campaign. The geometric distortion correc-
tion applied is a four-parameter linear transformation (x+y plate
scales, rotation, and shear), as the absolute positioning is done
based on a reference star, with the plate scales and shear chang-
ing little between campaigns. I see no signs of a quadratic com-
ponent, as expected from the small field of view. Possible pixel-
to-pixel effects are not considered because the final products are
the result of the combination of 100-1000 recentered exposures
and any such effects would be averaged out.
The second change has been the implementation of a more
realistic model for the point-spread function (PSF), a change that
was already partially used by Simo´n-Dı´az et al. (2015). The new
PSF model has two position (x and y core coordinates), one flux,
and ten shape parameters. The core of the PSF is an obstructed
Airy pattern with the parameters of the Calar Alto 2.2 m tele-
scope convolved with a two-dimensional Gaussian (three shape
parameters). The PSF also has a Moffat-profile halo (four shape
parameters) with a flux fraction and position displacement (three
shape parameters) with respect to the core. The implementation
of the new PSF model significantly reduces the residuals and al-
lows for a minimization of the systematic effects (which are in-
cluded in the uncertainties given in Maı´z Apella´niz et al. 2019).
The third change in the pipeline has been the use of both the
1% and the 10% AstraLux products, where the percentage refers
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to the fraction of (best) lucky images selected. In Maı´z Apella´niz
(2010) only the 1% images were used. The change allows for
a better inclusion of possible PSF systematic effects. The sit-
uation here is different from the PSF fitting of either HST or
standard ground-based imaging. In the first case one has 25-
100 mas pixels and in the second case they are an order of
magnitude larger but in both situations one fits PSF boxes of
∼ 10 × 10 pixels, as that is the size required to enclose most of
the flux without adding much of the background region. With
AstraLux we have HST-like core- and pixel-sizes with ground-
based-like wing sizes. This forces us to use much larger (in pix-
els) PSF boxes, containing thousands of pixels as opposed to
∼100. The comparison between the 1% and 10% products ana-
lyzes different weights given to the core and wings in such pro-
cess and, in that way, estimates the systematic effects added by
a non-perfect fit to data by a model.
2.2.2. Method
Fitting a visual orbit requires finding seven parameters (e.g.
Meeus 1998):
– P: orbital period.
– T0: epoch of periastron passage.
– e: (true) eccentricity.
– a: semi-major axis.
– i: inclination with respect to the plane of the sky.
– Ω: position angle of the ascending node.
– ω: longitude of the periastron in the direction of motion.
Traditionally (e.g. Tokovinin 1992, software available
at http://www.ctio.noao.edu/˜atokovin/orbit/), algo-
rithms start with an initial guess and use a χ2 minimization
method to find the best solution (or mode in likelihood terms) in
the seven-parameter space. The associated uncertainties are cal-
culated from the derivatives at the location of the best solution.
Such method is relatively fast (solutions are typically reached
in seconds) but it has three potential issues, all related to the
high dimensionality of the problem. First, the shape of the like-
lihood is unlikely to be well described by a seven-dimensional
ellipsoid, as the problem is highly non-linear, unless the orbit is
well characterized and all the epochs have appropriate weights.
Therefore, the values of the real uncertainties are likely to be un-
derestimated by the local behavior of the derivatives around the
best solution. Second, a complex likelihood can have multiple
solutions and different initial guesses can lead to different final
solutions. Third, the problems above are aggravated by the pres-
ence of epochs with incorrect measurements, which have to be
eliminated or at least down weighted.
An alternative, which I use here, is to measure the likeli-
hood L = exp(−χ2/2) in a large number of points in the pos-
sible parameter space in order to measure not its local proper-
ties around the best solution but its global properties. This is the
technique I use with my software CHORIZOS (Maı´z Apella´niz
2004) for a very different problem, the fitting of spectral energy
distributions (SEDs) to (spectro-)photometric data. CHORIZOS
attacks the problem by first evaluating L in a coarse grid that
covers the whole n-dimensional space, where n ranges between
2 and 5. After finding the solutions where L is above a given
threshold it creates a fine grid to better characterize the high-
likelihood regions (a process that may be repeated with an ultra-
fine grid). This strategy works well for most problems for n = 2
or n = 3 but becomes computationally expensive for n = 4 and
prohibitive for n = 5. Therefore, it cannot be used for the calcu-
lation of visual orbits, where n = 7.
The strategy I use here is a different one which allows the
algorithm to sweep through the high-likelihood region of the
seven-dimensional space in minutes to hours. We first applied
it for HD 93 129 Aa,Ab in Maı´z Apella´niz et al. (2017) and I
have now generalized it for any visual binary.
– I start by selecting a range of possible values for each of the
seven parameters. This initial selection may be (and usually
is) modified in subsequent iterations so one can start with a
very broad range. For the data points that have no measured
uncertainties I also select initial values for their uncertainties
(or weights).
– I then apply a traditional χ2 minimization method using as
guesses 128 different values spread over the parameter space.
The purpose of this step is to find different possible minima.
The solutions that are found above a selectedL threshold are
kept as seeds for the next steps.
– I create a grid of possible solutions with 255 uniformly
spaced points in each dimension5 and round up the seeds
from the previous step to those values.
– I search the adjacent points of the grid (i.e. those whose
seven indices are one or zero units away) for those cases that
are above the selected L threshold.
– The previous step is iterated until no more points are found.
The process leads to an amoeba-like shape that expands
through the seven dimensional space.
– The solution is examined using two-dimensional parameter
and orbit plots (see examples in section 4) to check for two
aspects: whether the selected parameter range is appropriate
(does the likelihood become small at the edges? is the grid
fine enough?) and whether the uncertainties are appropriate
(is the reduced χ2 close to one? is it true by groups of data
from the same source? are there any clear outliers?). The pa-
rameter ranges and uncertainties are revised accordingly and
the whole procedure is iterated.
As this algorithm searches a large volume in the seven-
dimensional space, not only it can evaluate uncertainties (includ-
ing the correlation matrix) in a more realistic way but it can also
reveal the complex shape of the likelihood and new solutions not
found using a traditional algorithm. It is not ideal, though, as it is
possible to have solutions “escape” through the holes in the grid,
something that can happen especially when two parameters are
highly correlated, in which case the shape of the likelihood may
look more like a snake than an amoeba and slither through the
seven-dimensional space avoiding the grid points. To avoid such
a problem, which is easily seen in the two dimensional plots, the
algorithm allows for two possible parameter substitutions during
the search:
– Periastron distance d ≡ a sin i instead of a. This is useful for
highly elliptical incomplete orbits where the former is much
better defined than the latter (P and a are highly correlated
but P and d are much less so). We used this substitution in
Maı´z Apella´niz et al. (2017).
– $ ≡ ω + Ω, note that here $ is an angle, not the parallax.
This is useful in some situations where ω and Ω are anti cor-
related (as it is the case for the two systems studied in this
paper). This substitution was also used in Maı´z Apella´niz
et al. (2017) but with a different sign convention.
5 I use 255 instead of 28 = 256 to allow for the mean value to be part
of the grid.
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3. Distances to and membership of to Collinder 419
and NGC 2264
In this section I present the results of the supervised
method described above as applied to the Gaia DR2 data for
Collinder 419 and NGC 2264. In Table 3 the filters applied to
the data (reference star; RUWE, dCC, and σ$ ranges; central
coordinates α + δ and radius r; central proper motion motions
µα∗ + µδ and radius rµ; and color range with respect to the ref-
erence star ∆(GBP − GRP)) and the results obtained are summa-
rized. t$, tµα∗ , and tµδ are normalized χ
2-like tests for the parallax
and proper motions: they should be ∼ 1 if the differences be-
tween the individual values and their weighted mean normalized
by the uncertainties follow a standard normal distribution and
larger if there is an additional source of scatter (distance spread
for the parallaxes, internal motion for the proper motions). In
Figs. 1 and 2 the graphical results of the method are displayed.
Finally, in Tables 8 and 9 the final membership of each cluster is
displayed. For Collinder 419 I use an isochrone with an age of
3.2 Ma while for NGC 2264 I use one with an age of 1 Ma.
3.1. Collinder 419
Collinder 419 appears in the top panels of Fig. 1 as a loosely
defined cluster centered around HD 193 322, which is the bright-
est object on the field. The cluster core has a radius of ∼2′ but
r is significantly bigger, as the cluster has a larger halo that ex-
tends mostly towards the NE. With the possible exception of the
immediate vicinity of HD 193 322, Collinder 419 does not show
as an overdensity in the Gaia source density diagram. The vast
majority of the sources belong to a Galactic background popula-
tion at a distance of 2-5 kpc and they show a gradient increasing
from NE to SW. That direction is nearly parallel to the Galactic
plane, so the effect is likely caused by differential extinction be-
yond the distance of Collinder 419 and not by a real Galactic
disk density gradient.
As Collinder 419 is not well defined by position in the sky,
we must turn to the next panel in Fig. 1 to see its most defin-
ing characteristic, proper motion. The cluster is clearly sepa-
rated from the field population by ∼ 2 mas/a. The next three
panels show how the cluster differs also in G′ and GBP − GRP.
The CMD indicates that Collinder 419 has a relatively low ex-
tinction: Maı´z Apella´niz & Barba´ (2018) give E(4405 − 5495) =
0.381±0.006 and R5495 = 2.972±0.079 for HD 193 322 Aa,Ab,
which translates into a E(GBP − GRP) ≈ 0.65. As I am select-
ing cluster objects with ∆(GBP − GRP) > −0.30, which corre-
sponds to E(GBP − GRP) > 0.35, this means that there is just
a small extinction restriction for a young cluster at the distance
of HD 193 322 Aa,Ab. The location of some cluster members
towards the left and right of the upper part of the reference ex-
tinguished isochrone indicates that there is a differential extinc-
tion effect of a few tens in E(4405 − 5495) for the Collinder 419
cluster members. As one progresses down the CMD, the cluster
members end up preferentially to the right of the reference ex-
tinguished isochrone, an indication that those lower-mass stars
have not reached the main sequence yet.
Most of the field population is located at larger distances and
consists of two subpopulations: the largest one is made out of
faint stars in the lower left quadrant of the CMD that also form
the two main density peaks in the color-parallax and magnitude-
parallax diagrams. The second population are likely red giant
stars that make up most of the stars to the right of the cluster
sequence in the CMD. Such red giant stars are likely the main
source for the 18 contaminants rejected by the normalized par-
allax criterion.
The distance I obtain for Collinder 419 is 1.006+0.037−0.034 kpc,
an uncertainty of 3-4%. Note that most of the uncertainty arises
from the spatial covariance term: if it were not included σ$g
would be 6 µas instead of 34 µas (the spatial covariance is also
the dominant source for the proper motion uncertainties). My
value for $g is very similar to the one derived by Cantat-Gaudin
et al. (2018) but the uncertainties are very different because of
that. The two values for the distance are very similar, nonethe-
less (their mode is 1019.2 pc, within one sigma of the value here)
but I find significantly more cluster members. With respect to the
literature values, the Hipparcos distance for HD 193 322 Aa,Ab
of Maı´z Apella´niz et al. (2008) is just over one sigma away
(but with a large uncertainty) while the much lower distance
of Roberts et al. (2010) derived from a pure CMD analysis is
clearly incompatible with the Gaia parallaxes. Collinder 419 is
not a rich cluster and, hence, is not able to make a dent in the
total Gaia parallax histogram of Fig. 1. Indeed, only 0.4% of the
Gaia stars in the field end up being selected by the algorithm. t$
is very close to one, indicating that the algorithm is identifying a
group of stars with differences in distance much smaller than the
individual parallax uncertainties. On the other hand, tµα∗ and tµδ
are significantly larger than one, indicating that Gaia is sensitive
to the internal cluster motions.
HD 193 322 Aa,Ab itself is not included in the final member-
ship list as it was excluded due to its high RUWE, likely an effect
of its multiplicity, which is unresolved by Gaia but should man-
ifest in large astrometric residuals6 This should not worry us,
as the method employed here emphasizes a low number of false
positives at the price of increasing the number of false negatives.
The second brightest (in G′) object in the field, HD 193 159, is
a foreground B star located at approximately one half the dis-
tance to Collinder 419 and with very little extinction. The third
brightest object in the field is the first cluster member in the
list: HD 193 322 B, the visual companion to HD 193 322 Aa,Ab.
The next object in the membership list is HDE 228 911, a pre-
viously known spectroscopic binary. We obtained a GOSSS
spectrum with the Albireo spectrograph at the Observatorio de
Sierra Nevada (OSN) and caught the system in a SB2 state, al-
lowing to determine it is made out of a couple of near iden-
tical B1.5 V stars (Fig. 3). The observation was obtained at
HJD 2 455 850.283 and the velocity difference between the two
components was 325±10 km/s. Another bright object in the
field is HDE 228 882 but its Gaia DR2 parallax puts it beyond
Collinder 419 and its GBP −GRP color indicates it experiences a
significantly larger extinction. We also obtained a GOSSS spec-
trum from OSN for HDE 228 882 and derived a spectral type
of B0.5 Iab(n) (Fig. 3). Comparing the two spectra in that fig-
ure shows that the second one has stronger DIBs, as expected
from the larger extinction. Roberts et al. (2010) suggested that
2MASS J20175763+4044373 (= IRAS 20161+4035) is also a
cluster member and derived a spectral type of M3 III for that star,
which appears in principle incompatible with the Collinder 419
isochrone. The Gaia DR2 data hold a surprise for the object:
its individual parallax is consistent with being at the same dis-
tance as the cluster but its proper motion is highly discrepant
with either Collinder 419 or the field population and instead sug-
gests a relative velocity in the plane of the sky close to 50 km/s.
This raises the possibility that 2MASS J20175763+4044373
is a recent runaway from Collinder 419. However, its motion
6 This hypothesis cannot be tested at this time because DR2 does not
include measurements for individual epochs.
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Table 3. Filters applied and results obtained for the distances to and membership of Collinder 419 and NGC 2264.
Filter Collinder 419 NGC 2264 NGC 2264 N NGC 2264 S
RUWE <1.4 <1.4 <1.4 <1.4
dCC <0.2 <0.2 <0.2 <0.2
σ$c (mas) <0.1 <0.1 <0.1 <0.1
α (deg) 304.60 100.25 100.20 100.28
δ (deg) +40.78 +9.75 +9.88 +9.53
r (arcsec) 800 1500 540 540
µα∗ (mas/a) −2.6 −1.8 −1.8 −1.8
µδ (mas/a) −6.4 −3.7 −3.7 −3.7
rµ (mas/a) 0.75 1.50 1.50 1.50
∆(GBP −GRP) > −0.30 > −0.20 > −0.20 > −0.20
Result Collinder 419 NGC 2264 NGC 2264 N NGC 2264 S
Nf 19 049 25 177 25 177 25 177
field size 30′ × 30′ 60′ × 60′ 60′ × 60′ 60′ × 60′
N∗,0 93 340 102 94
N∗ 75 286 99 90
t$ 0.98 1.12 1.04 1.19
tµα∗ 3.20 5.15 3.99 5.15
tµδ 2.82 3.56 3.25 3.43
$g (mas) +0.957±0.034 +1.354±0.029 +1.357±0.040 +1.350±0.040
µα∗,g (mas/a) −2.605±0.048 −1.885±0.041 −1.716±0.059 −2.077±0.057
µδ,g (mas/a) −6.390±0.048 −3.716±0.041 −3.705±0.059 −3.788±0.057
$g,c (mas) +0.997±0.035 +1.394±0.031 +1.397±0.041 +1.390±0.041
d (pc) 1006+37−34 719
+16
−16 719
+22
−21 722
+22
−21
does not trace back to HD 193 322 but to a region of high ex-
tinction towards the NE that appears to be associated to the
WISE H ii region G078.378+02.785. Therefore, another possi-
bility is that G078.378+02.785 is a younger star-forming region
at the same distance (a second generation of stars likely trig-
gered by Collinder 419) and that 2MASS J20175763+4044373
is a massive very young PMS object ejected from there ∼ 105 a
ago (as estimated from the flying time). The young age would
be consistent with the strong Li i absorption in the spectrum
of 2MASS J20175763+4044373 measured by Roberts et al.
(2010).
3.2. NGC 2264
The appearance of NGC 2264 in the top panels of Fig. 2 is
different from that of Collinder 419 for four reasons: [1] there
are significantly more cluster members, [2] NGC 2264 shows a
clear double structure concentrated around two points, [3] the
position of the cluster is well correlated with nebular emission,
and [4] anti correlated with the overall source density. The last
point seems counterintuitive but it can be explained in the con-
text of the third one. Young clusters containing O stars still as-
sociated with their natal clouds ionize their surfaces creating
H ii regions but take their time to devour their molecular clouds,
generating different extinction-related effects and structures de-
pending on the direction from where we observe them (Walborn
et al. 2002; Maı´z Apella´niz et al. 2004, 2015; Maı´z Apella´niz
& Barba´ 2018). The case of NGC 2264 is similar to that of the
Orion Nebula: they are nearby, well resolved H ii regions where
the main ionizing star (15 Mon for NGC 2264, θ1 Ori C for the
Orion Nebula) is located on the near side of the natal cloud.
Therefore, we see the H ii face on with the ionizing star(s) in
the foreground. The H ii region has the overall shape of a con-
cave hole in the molecular cloud, which results in a bright region
surrounded by a dark one, with possible pillars created by pho-
toevaporation at the edge. In the case of NGC 2264 the Cone
Nebula (seen towards the bottom of the DSS2 images in Fig. 2)
is the most prominent example. As the molecular cloud blocks
most of the light behind the cluster, the field population (located
mostly in the background at distances of 2-5 kpc) is much bet-
ter seen at the right and left edges of the field shown in Fig. 2:
hence, the anticorrelation between cluster members and overall
source density.
As already mentioned, the double cluster structure of
NGC 2264 in the optical was previously known, with two ad-
ditional stellar concentrations visible in the NIR, indicating
that there are additional hidden subclusters (Caballero & Dinis
2008). In order to study the possible differences between the two
subclusters (NGC 2264 N and NGC 2264 S), I have repeated the
analysis of the whole region for the two subregions in Table 3
and plotted them in the upper panels of Fig. 2. NGC 2264 N is
approximately centered on 15 Mon and NGC 2264 S is closer to
the Cone Nebula.
As it happened with Collinder 419, NGC 2264 is best differ-
entiated from the field population in the proper-motion diagram,
with a separation of ∼ 3 mas/a in Fig. 2. The CMD indicates
that Collinder 419 has a very low extinction: Maı´z Apella´niz
& Barba´ (2018) give E(4405 − 5495) = 0.054 ± 0.006 and
R5495 = 4.431±0.752 for 15 Mon Aa,Ab,B, which translates into
a E(GBP − GRP) ≈ 0.11. As I am selecting cluster objects with
∆(GBP − GRP) > −0.20, which corresponds to E(GBP − GRP) >
−0.09 (a negative value is used to include the effect of photomet-
ric uncertainties for objects with extinction close to zero), this
means that there is no extinction restriction for a young clus-
ter at the distance of 15 Mon Aa,Ab,B (but the isochrone filter
is still useful to discard background objects). Going down the
isochrone in the CMD we encounter first stars that have already
reached the main sequence and then a pre-main sequence region
that is richer and more separated from the isochrone than in the
Collinder 419 case, indicating a younger age and likely a higher
cluster mass. Note that the PMS seems to stop around G′ = 18.
This is likely an effect of the dCC filter: dim stars immersed in
nebulosity such as those in NGC 2264 have contaminated GBP
and GRP photometry.
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The field population is located mostly beyond NGC 2264. It
is similar to that of Collinder 419 but with fewer stars at extreme
red colors, an effect of the lower extinction in this direction of the
Galaxy, much closer to the anticenter. Most of the 66 contami-
nants rejected by the normalized parallax criterion are farther
than NGC 2264 but a minority (eight) are closer.
The distance we obtain for NGC 2264 is 719±16 pc (an un-
certainty of just 2%). As with Collinder 419, most of the uncer-
tainty arises from the spatial covariance term: if it were not in-
cluded σ$g would be 3 µas instead of 29 µas. Indeed, my value
for $g is the same as the one derived by Cantat-Gaudin et al.
(2018) but the uncertainties are very different because of that. I
also find significantly more cluster members. With respect to the
literature values, the maser distance of Kamezaki et al. (2014)
is the one closer to the Gaia value, being less than one sigma
away. NGC 2264 is a richer cluster and, hence, its presence is
detected in the total Gaia parallax histogram of Fig. 2: 1.1% of
the Gaia stars in the field end up being selected by the algo-
rithm. Similarly to Collinder 419, t$ is close to one, but tµα∗ and
tµδ are even larger, a sign that the internal motions are stronger
in NGC 2264 (see below).
Comparing the two subclusters, their distances are very sim-
ilar and from the Gaia DR2 point of view they could be at the
same distance from the Sun. Note that their distance in the plane
of the sky corresponds to 4.5 pc, which is much smaller than
either of the individual distance uncertainties. There is a sig-
nificant difference in the proper motions, with the two subclus-
ters moving in a counterclockwise motion with respect to each
other. This relative motion should in principle contribute to the
increased values of tµα∗ and tµδ but it cannot be the main source,
as both NGC 2264 N and NGC 2264 S (especially the latter)
have high values of those quantities when analyzed separately.
Therefore, one must conclude that the internal motions within
each subcluster dominate the velocity dispersion.
Neither 15 Mon AaAb nor 15 Mon B are included in the final
membership list due to their high RUWE but, as I already men-
tioned in the case of Collinder 419, that should not worry us.
The second and third objects in the membership list (sorted by
G) are HD 47 887 and HD 47 961, two B stars. Table 9 includes
many more stars with spectral types than Table 8, a reflection of
the different levels of richness and number of previous studies
between the two clusters. Progressing down the list the spectral
types progressively switch from B to A and then to later types,
as expected. Nevertheless, it should be noted that one should
not trust Simbad spectral types completely, given the number of
errors it contains (see Maı´z Apella´niz et al. 2016 for some ex-
amples).
3.3. Testing the robustness of the distance determinations
A critique to supervised methods is that the user may not
select the appropriate parameters and bias the results. In order
to check that the values for $g derived here are unbiased, I
did Montecarlo simulations for the clusters in this paper vary-
ing the values of α, δ, r, µα∗, µδ, rµ, and ∆(GBP − GRP) within
reasonable limits. For Collinder 419 the Montecarlo simulations
yield N∗ = 64 ± 16 and $g = 0.956 ± 0.004 mas and for
NGC 2264 they yield N∗ = 253±39 and$g = 1.354±0.002 mas.
Those results lead to two conclusions. First, the number of Gaia-
detected cluster members is within one sigma of our selected
value but in both cases the average is on the low side. This makes
sense because supervision is introduced, among other things,
to maximize the number of bona fide members so removing
the supervision decreases that number on average. Second, and
Table 4. Astrometry used for the calculation of the visual orbit
of HD 193 322 Aa,Ab.
Epoch ρ θ Reference
(a) (mas) (deg)
1985.52 49.0±6.0 188.50±5.00 McAlister et al. (1987)
1985.84 49.0±6.0 192.60±5.00 McAlister et al. (1993)
1986.89 49.0±6.0 198.70±5.00 McAlister et al. (1989)
1988.66 48.0±6.0 216.70±5.00 McAlister et al. (1993)
1989.70 45.0±6.0 229.70±5.00 McAlister et al. (1993)
2005.60 63.8±6.0 109.10±5.00 ten Brummelaar et al. (2011)
2005.73 64.7±6.0 107.70±5.00 ten Brummelaar et al. (2011)
2006.49 67.0±6.0 101.50±5.00 ten Brummelaar et al. (2011)
2006.59 65.1±6.0 113.90±5.00 ten Brummelaar et al. (2011)
2006.67 56.5±6.0 118.00±5.00 ten Brummelaar et al. (2011)
2007.47 66.6±6.0 111.70±5.00 ten Brummelaar et al. (2011)
2007.51 66.5±6.0 113.60±5.00 ten Brummelaar et al. (2011)
2008.05 65.3±1.1 116.71±0.97 Aldoretta et al. (2015)
2008.44 65.0±1.0 113.45±2.21 Maı´z Apella´niz et al. (2019)
2008.62 61.6±6.0 121.80±5.00 ten Brummelaar et al. (2011)
2008.80 55.1±6.0 124.70±5.00 ten Brummelaar et al. (2011)
2009.42 62.6±6.0 120.10±5.00 ten Brummelaar et al. (2011)
2009.50 57.5±6.0 126.70±5.00 ten Brummelaar et al. (2011)
2009.61 65.1±6.0 122.00±5.00 ten Brummelaar et al. (2011)
2009.78 64.9±6.0 122.00±5.00 ten Brummelaar et al. (2011)
2010.87 64.8±6.0 129.80±5.00 ten Brummelaar et al. (2011)
2011.70 67.0±1.0 129.82±3.18 Maı´z Apella´niz et al. (2019)
2012.75 74.0±3.0 134.55±1.89 Maı´z Apella´niz et al. (2019)
2013.70 66.0±2.0 136.12±2.31 Maı´z Apella´niz et al. (2019)
2018.72 67.0±1.0 150.55±1.00 Maı´z Apella´niz et al. (2019)
most important, the group parallax is robust. The difference is
1 µas for Collinder 419 and even less than that for NGC 2264.
Considering that the main source of error is due to the spatial co-
variance (more than one order of magnitude larger), I can con-
clude that supervision (if done properly) does not bias the de-
rived group parallax.
4. The visual orbits of HD 193322 Aa,Ab and
15 Mon Aa,Ab
In this section I present the results for the relative visual or-
bits for HD 193 322 Aa,Ab and 15 Mon Aa,Ab. The data used
for the calculation of the orbits (including the uncertainties de-
rived from the method itself) are given in Tables 4 and 5. I used
the option of fitting $ ≡ ω + Ω instead of ω. The seven fitted
parameters, d, ω, and total masses MAa,Ab are given in Table 6.
In each case a median and percentile-based uncertainties (de-
rived from all calculated orbits) are first given, followed by the
result for the mode orbit. For the masses I assume the distances
to Collinder 419 and NGC 2264 derived in the previous section
and do not include the uncertainties associated with distance.
Figure 4 shows the fitted orbits, Figs. 5 and 6 the derived likeli-
hood projected into the planes of each pair of fitted parameters,
and Fig. 7 the normalized fitting residues. Table 7 gives the cal-
culated ephemerides (and their uncertainties) for both systems in
the period 1980-2030.
4.1. HD 193322 Aa,Ab
The orbital solution I obtain for HD 193 322 Aa,Ab is rela-
tively similar to the one derived by ten Brummelaar et al. (2011)
but with some significant differences. On the one hand, the val-
ues of T0 and a are within one sigma of each other, with im-
proved uncertainties in the new solution. On the other hand, the
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Table 5. Astrometry used for the calculation of the visual orbit
of 15 Mon Aa,Ab.
Epoch ρ θ Reference
(a) (mas) (deg)
1988.17 57.0±2.5 12.90±2.00 McAlister et al. (1993)
1993.09 39.0±5.0 35.40±6.00 McAlister et al. (1993)
1993.20 41.0±5.0 36.70±6.00 McAlister et al. (1993)
1996.07 22.3±5.0 115.90±6.00 Gies et al. (1997)
2001.02 61.0±5.0 231.10±6.00 Mason et al. (2009)
2005.82 89.0±2.5 247.90±2.00 Maı´z Apella´niz (2010)
2005.94 91.0±5.0 246.20±6.00 Horch et al. (2008)
2006.19 89.0±5.0 251.90±6.00 Mason et al. (2009)
2007.01 94.0±5.0 250.80±6.00 Horch et al. (2010)
2007.82 97.8±2.5 252.14±2.00 Aldoretta et al. (2015)
2008.04 109.0±4.0 252.26±1.29 Maı´z Apella´niz et al. (2019)
2008.78 100.0±2.5 255.63±2.00 Aldoretta et al. (2015)
2010.07 117.0±5.0 258.30±6.00 Mason et al. (2011)
2010.96 109.8±2.5 258.40±2.00 Hartkopf et al. (2012)
2011.18 108.5±3.5 257.92±2.89 Sana et al. (2014)
2012.10 116.1±5.0 261.00±6.00 Horch et al. (2017)
2012.10 114.8±5.0 260.90±6.00 Horch et al. (2017)
2012.75 118.0±4.0 260.30±3.80 Maı´z Apella´niz et al. (2019)
2013.13 118.0±2.5 262.00±2.00 Tokovinin et al. (2014)
2013.72 127.0±4.0 259.51±2.62 Maı´z Apella´niz et al. (2019)
2014.06 122.6±2.5 263.20±2.00 Tokovinin et al. (2015)
2015.91 124.0±2.5 266.60±2.00 Tokovinin et al. (2016)
2018.71 138.0±4.0 268.10±1.00 Maı´z Apella´niz et al. (2019)
2018.91 135.0±4.0 268.79±1.00 Maı´z Apella´niz et al. (2019)
Table 6. Fitted orbital parameters, d, ω, and MAa,Ab for
HD 193 322 Aa,Ab and 15 Mon Aa,Ab.
Par. Units HD 193 322 Aa,Ab 15 Mon Aa,Ab
All Mode All Mode
P a 44+−
1
1 44.1 108
+
−
12
12 104.5
T0 a 1995.2+−
1.2
0.8 1995.3 1996.05
+
−
0.15
0.10 1996.06
e 0.58+−
0.03
0.04 0.58 0.770
+
−
0.023
0.030 0.764
a mas 52.5+−
2.5
2.0 52.4 112.5
+
−
6.0
6.0 110.4
i deg 37+−
6
4 37.4 47
+
−
2
2 47.3
Ω deg 77.6+−
12.0
14.4 77.2 60
+
−
3
3 60.2
$ deg −30+−66 −29.5 123+−21 123.2
d mas 22.1+−
1.4
1.3 22.1 26.0
+
−
1.3
1.5 26.1
ω deg 253.6+−
9.2
9.2 253.3 63
+
−
4
4 62.9
MAa,Ab M 76.1+−
9.9
7.4 74.4 45.1
+
−
3.6
3.3 45.9
period is now longer and the orbit is more eccentric, a con-
sequence of the better position angle coverage available now.
Another significant difference is that I find a larger uncertainty
for the inclination. An explanation to that is found in Fig. 5: most
plots are relatively well approximated by ellipsoids but those in-
volving i have more complex shapes, including a low-probability
tail that extends to low values. Such shapes cannot be described
just by the derivatives at the location of the mode and correctly
characterizing them requires a method that searches the seven-
parameter space such as the one used here. Most parameters have
low correlation coefficients but there are some exceptions, most
notably a and i, which are positively correlated. There is clearly
room for improvement in the orbit, especially as one revolution
has not been completed since the first observations (that event
would take place by the end of the decade of the 2020s, Table 7)
and since there were no observations in the 1990s, when the pe-
Table 7. Calculated ephemerides and their uncertainties for
HD 193 322 Aa,Ab and 15 Mon Aa,Ab in the 1980-2030 period.
Epoch HD 193 322 Aa,Ab 15 Mon Aa,Ab
ρ θ ρ θ
(a) (mas) (deg) (mas) (deg)
1980.0 61.30±0.75 170.06±1.82 84.68±1.95 341.89±1.79
1981.0 59.95±0.79 174.01±1.81 81.96±1.89 344.55±1.70
1982.0 58.48±0.82 178.16±1.79 79.19±1.83 347.38±1.60
1983.0 56.89±0.84 182.52±1.78 76.37±1.76 350.43±1.51
1984.0 55.17±0.85 187.15±1.76 73.49±1.68 353.71±1.41
1985.0 53.32±0.85 192.09±1.75 70.54±1.59 357.26±1.31
1986.0 51.32±0.85 197.40±1.74 67.52±1.49 1.13±1.21
1987.0 49.14±0.87 203.16±1.74 64.42±1.38 5.36±1.13
1988.0 46.76±0.95 209.49±1.77 61.21±1.26 10.03±1.07
1989.0 44.10±1.14 216.54±1.83 57.85±1.13 15.22±1.05
1990.0 41.11±1.48 224.56±2.00 54.30±1.00 21.08±1.07
1991.0 37.66±2.01 233.98±2.45 50.45±0.87 27.79±1.14
1992.0 33.60±2.75 245.59±3.62 46.17±0.76 35.68±1.26
1993.0 28.80±3.62 261.06±6.61 41.19±0.71 45.32±1.43
1994.0 23.59±4.00 284.09±13.72 35.12±0.74 57.97±1.67
1995.0 19.82±2.71 318.29±22.99 27.61±0.87 76.82±2.06
1996.0 19.95±2.26 357.70±24.42 20.07±0.99 110.70±3.09
1997.0 24.06±4.12 30.59±17.30 19.57±0.73 162.50±4.30
1998.0 30.07±4.65 52.62±9.68 27.78±0.85 197.66±3.02
1999.0 36.15±4.23 66.82±5.39 38.06±0.96 215.11±2.01
2000.0 41.59±3.54 76.78±3.25 47.83±0.97 225.20±1.46
2001.0 46.30±2.86 84.44±2.11 56.68±0.94 231.97±1.13
2002.0 50.32±2.27 90.72±1.45 64.65±0.89 236.98±0.91
2003.0 53.76±1.76 96.10±1.06 71.85±0.83 240.94±0.75
2004.0 56.68±1.33 100.88±0.81 78.38±0.77 244.20±0.64
2005.0 59.17±0.99 105.21±0.65 84.36±0.72 246.98±0.54
2006.0 61.26±0.72 109.22±0.54 89.83±0.66 249.41±0.47
2007.0 63.01±0.51 112.98±0.47 94.88±0.60 251.57±0.41
2008.0 64.46±0.38 116.55±0.41 99.54±0.55 253.51±0.36
2009.0 65.63±0.33 119.98±0.37 103.86±0.50 255.29±0.33
2010.0 66.55±0.33 123.31±0.34 107.87±0.47 256.93±0.30
2011.0 67.25±0.36 126.55±0.33 111.61±0.44 258.46±0.27
2012.0 67.74±0.38 129.74±0.32 115.08±0.44 259.89±0.26
2013.0 68.03±0.40 132.89±0.33 118.32±0.46 261.24±0.25
2014.0 68.14±0.41 136.02±0.35 121.34±0.51 262.52±0.26
2015.0 68.09±0.42 139.15±0.38 124.15±0.58 263.74±0.26
2016.0 67.88±0.43 142.30±0.41 126.78±0.66 264.91±0.28
2017.0 67.52±0.45 145.46±0.46 129.23±0.76 266.03±0.29
2018.0 67.03±0.49 148.67±0.51 131.51±0.87 267.12±0.31
2019.0 66.39±0.54 151.94±0.56 133.63±0.99 268.16±0.34
2020.0 65.63±0.62 155.27±0.63 135.60±1.12 269.18±0.36
2021.0 64.75±0.71 158.69±0.71 137.43±1.26 270.16±0.39
2022.0 63.75±0.81 162.21±0.80 139.13±1.40 271.13±0.42
2023.0 62.64±0.92 165.85±0.91 140.69±1.55 272.07±0.45
2024.0 61.41±1.04 169.63±1.04 142.14±1.71 272.99±0.49
2025.0 60.06±1.16 173.57±1.19 143.46±1.87 273.89±0.52
2026.0 58.60±1.28 177.70±1.38 144.67±2.03 274.78±0.56
2027.0 57.03±1.41 182.06±1.60 145.77±2.20 275.65±0.60
2028.0 55.33±1.52 186.67±1.87 146.76±2.38 276.51±0.64
2029.0 53.50±1.64 191.59±2.18 147.65±2.56 277.36±0.68
2030.0 51.52±1.77 196.88±2.56 148.45±2.75 278.20±0.72
riastron took place. The next periastron will take place in about
twenty years from now.
Applying a distance of 1006 pc to the ten Brummelaar et al.
(2011) results, one obtains a total mass of 133±29 M, which is
almost twice of what I obtain here. The new value is more realis-
tic, as it requires dividing 76.1 M among three non-supergiant
late-O/early-B stars. The total mass was not such a big prob-
lem for ten Brummelaar et al. (2011) because they estimated
Collinder 419 to be closer to us and that reduces MAa,Ab, which
is proportional to the distance cubed. Indeed, they were aware of
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this possibility as they mentioned the need for further epochs to
resolve the “lingering problems” they had encountered with their
mass calculations. Note that since our value for the distance to
Collinder 419 has an uncertainty of 3-4%, the uncertainty for
MAa,Ab has an additional (systematic) uncertainty of ∼10% i.e.
comparable to the random uncertainty. Once Gaia DR3 becomes
available, it is likely that systematic uncertainty will be reduced.
The ephemerides in Table 7 were calculated using the 1000
most likely orbits plotted in Fig. 4. The uncertainties in ρ and
θ show two minima, one in the second half of the 1980s and
another one around 2010. Those are the two times where ob-
servations were obtained. In between, there is a large increase
in uncertainties around the time of the periastron, as the system
was moving at maximum speed at the time and no observations
are available. Hence, there is a large uncertainty as to where the
system was at a particular time even if the periastron is well con-
strained within ∼1 year. As we go into the future, uncertainties
start growing again as the trajectory is an extrapolation from the
latest data. Even though it is not shown, uncertainties continue
growing until the next periastron passage around 2040 for the
same reasons stated for the previous one.
Finally, I considered the possibility that the observations
taken in the 1980s suffered from the 180◦ phase error in posi-
tion angle that sometimes affects speckle interferometry. I was
able to calculate a reasonable orbit combining those modified
data with the ones from 2005 onwards but the resulting MAa,Ab
was almost one third lower than the value in Table 6. That is
an unphysical result, as it is inconsistent with the existence of
three massive stars that include at least two O stars. Therefore, I
conclude that the 1980s observations have no phase error.
4.2. 15 Mon Aa,Ab
As I mentioned in the introduction, for 15 Mon Aa,Ab there
are five published orbital solutions instead of just one. Looking
at them, there is a clear trend of increasing periods from those
published in the 1990s to the most recent one of Tokovinin
(2018) by more than a factor of five between the extremes. That
effect is a cautionary tale on the dangers of calculating visual or-
bits from very incomplete arcs, especially if a thorough search
of the parameter space is not performed and/or bad data points
are not eliminated or at least down weighted. The orbital period
I find here follows the trend of increasing periods of Gies et al.
(1993, 1997) and Cvetkovic´ et al. (2009, 2010) but stops at a
value that is just over one half of the Tokovinin (2018) value
(which is published without uncertainties). The uncertainty in
the period is relatively large (∼10%) and there is indeed a tail
that extends to higher values but the likelihood around 190 a
is very low (Fig. 6). The new periastron epoch and eccentricity
are similar to those of the previous three orbits but with reduced
uncertainties. The values for a and i follow the same pattern as
the period, with values intermediate between those of Cvetkovic´
et al. (2009, 2010) and Tokovinin (2018).
The mass derived for 15 Mon Aa,Ab has a relative uncer-
tainty of less than 10%, which looks surprising given the un-
certainties for P and a, the two quantities used to derive it. The
explanation is that P and a have a strong positive correlation, as
seen in Fig. 6. The uncertainty on the distance to NGC 2264 is
lower than for Collinder 419, leading to an additional systematic
uncertainty of ∼7%. Nevertheless, the uncertainty for MAa,Ab is
one of the lowest known for an O-type binary, especially con-
sidering that most measured systems to date are spectroscopic
binaries with poorly constrained inclinations. The total mass we
obtain (at a distance of 719 pc) is higher than the one derived by
Gies et al. (1997) and lower than the one derived by Cvetkovic´
et al. (2010). It is relatively similar to the value derived from
the Tokovinin (2018) orbit but that author does not calculate it
explicitly.
The uncertainties for the 15 Mon Aa,Ab ephemerides in
Table 7 follow a pattern similar to the HD 193 322 Aa,Ab, with
two minima around 1990 and 2012. The maximum in between
is not as prominent, though, as in this case the system was ob-
served near periastron. As deduced from Fig. 4, the uncertainties
are expected to grow significantly after 2040, as that part of the
orbit near apastron has never been observed. On the other hand,
observations in the next decade should constrain the orbital pa-
rameters significantly, even though the system will not return to
its first observed epoch until around the turn of the century.
5. Future work
My short-term goal is to apply the supervised Gaia method
to a number of young clusters containing O stars in order to
derive reliable Gaia DR2 distances. The clusters will be se-
lected using GOSSS data and Maı´z Apella´niz & Barba´ (2018)
will be used for the extinction parameters. In the medium term,
Gaia DR3 is expected to reduce the systematic effects in the par-
allaxes and proper motions, especially the zero point offset and
the spatial covariance effects. Those reductions should lead to
significantly better distances to stellar clusters. In the long term,
the final Gaia data release may yield parallaxes good enough to
measure distance differences within associations or cluster halos
at ∼1 kpc.
Regarding astrometric orbits, I plan to use the existing data to
analyze several more systems. I will also continue obtaining new
AstraLux epochs to further constrain the HD 193 322 Aa,Ab and
15 Mon Aa,Ab orbits.
There is also room for improvement in our knowledge
of HD 193 322 Aa,Ab and 15 Mon Aa,Ab elsewhere. We are
monitoring both systems using high-resolution spectroscopy
to improve their spectroscopic orbits as part of MONOS
(Maı´z Apella´niz et al. 2019). However, there is a limit to what
we can do with spatially unresolved spectroscopy, especially
when one of the systems is a fast rotator or the ∆m between
components is large. One solution would be lucky spectroscopy
(Maı´z Apella´niz et al. 2018) but, unfortunately, the separation
is too small. We recently attempted resolving 15 Mon Aa,Ab
using that technique but we were only partially successful. It
was possible to separate Ab from Aa but the resulting spec-
trum is too noisy and one can only say that it is consistent
with being a late-O/early-B star. An alternative would be us-
ing STIS@HST, a technique we successfully used to separate
HD 93 129 Aa,Ab at a point where the separation was even
smaller than for the two systems in this paper (Maı´z Apella´niz
et al. 2017). In that way, it would be possible to obtain individual
spectra for HD 193 322 Aa, 15 Mon Aa, and 15 Mon Ab, and a
combined spectrum for HD 193 322 Ab1,Ab2 that could be sep-
arated in velocity. In combination with the results in this paper,
reliable spectral types and masses could be derived for all com-
ponents. As this paper was being refereed we received notice
that the HST program we had submitted to do precisely that had
been accepted so, barring unexpected events, the reader should
expect new results on these two systems soon.
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Fig. 1. Collinder 419 Gaia DR2 distances and membership results. Top row (left to right): source density diagram, DSS2 Blue
image, and 2MASS J image. Middle row (left to right): proper motions, color-parallax, and magnitude-parallax diagrams. Bottom
row (left to right): color-magnitude diagram, parallax histogram, and normalized-parallax histogram. In all diagrams a heat-type
scale (increasing as white-yellow-orange-red-black) is used to indicate the total Gaia DR2 density in a linear scale (except in the
CMD, where a log scale is used). In the first four panels the green circle indicates the coordinates/proper motions constraints. In
the CMD the green lines show the reference extinguished isochrone (right) and the displaced one used as constraint (left), joined at
the top by the extinction trajectory. In all diagrams blue symbols are used for the objects used in the final sample and gray ones for
those rejected by the normalized parallax criterion. The plotted parallax uncertainties are the external ones. In the parallax histogram
black is used for the total Gaia DR2 density, red for the sample prior to the application of the normalized parallax criterion, and blue
for the final sample, while the two green vertical lines mark the weighted-mean parallax: dotted for $g,0 and solid for $g. Black
and blue have the same meaning in the normalized parallax histogram, where the green line shows the expected normal distribution.
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Fig. 3. GOSSS spectrograms of HDE 228 911 and HDE 228 882.
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Fig. 4. Plane-of-the-sky orbit plots for HD 193 322 Aa,Ab (left) and 15 Mon Aa,Ab (right). The mode (highest likelihood) orbit is
shown as a thick black line, with a star marking the orbital center, a dashed line the line of nodes, and a cross the periastron. In
both cases the motion is counterclockwise and less than a full revolution has been completed since the first data were obtained. In
addition to the mode orbit, the top 1000 orbits by likelihood found by the algorithm are plotted using gray thin lines. Ellipses show
the measured data points joined by short lines to the predicted position in the mode orbit. A color code is used to indicate the data
source. For HD 193 322 Aa,Ab (Table 4), red is used for McAlister et al. (1989), green for ten Brummelaar et al. (2011), magenta
for Aldoretta et al. (2015), and blue for Maı´z Apella´niz et al. (2019). For 15 Mon Aa,Ab (Table 5), blue is used for Maı´z Apella´niz
et al. (2019) and red for the rest of the sources. North is up and East is left. Using the distances derived in this paper, the plotted
regions are 126 AU × 126 AU for HD 193 322 Aa,Ab and 158 AU × 158 AU for 15 Mon Aa,Ab.
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the projection of the seven-parameter mode into that plane (which does not necessary correspond to the maximum of the collapsed
likelihood).
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